The high field magnetization of DyAg, which is an antiferromagnet with three successive magnetic transitions at T N ¼ 56 K, T 2 ¼ 49 K and T 1 ¼ 46:5 K, has been investigated up to 54 T by using pulsed magnet for the magnetic field applied along [100], [110] and [111] axes. At low temperatures below T 1 , for H k ½111, a saturation of the magnetization is observed after four metamagnetic jumps and the saturated moment is obtained to be 9.7 B /Dy. The magnetic phase diagrams have also been established in detail for the three axes with the complementary studies of the magnetic susceptibility and the specific heat. The obtained phase diagrams below 40 K are well consistent with the previous results for all the directions. Above 40 K, on the other hand, the present results reveal an existence of some new phases in the proximity region of T N .
Introduction
The rare-earth intermetallic compounds with a nonmagnetic metal have attracted much attention for a long period because of a variety of magnetic properties associated with the 4f shell. Among them, the equiatomic DyAg with the CsCl-type cubic structure is an antiferromagnet with three successive magnetic transitions at T N ¼ 56 K, T 2 ¼ 49 K and T 1 ¼ 46:5 K. 1, 2) From the neutron scattering study, it was confirmed that the magnetic structure is an incommensurate one with the propagation vector of (1=2 AE , 1=2 AE , 0) ( ¼ 0:0473) for T 2 < T < T N . 1) Below T 1 , the magnetic structure is of (, , 0) symmetry with a triple-q structure, and spins are aligned pointing along the four equivalent [111] directions 2) (see the first row of Table 2 ). The CEF analysis indicates that the obtained level scheme favors a three-fold axis as an easy magnetization direction, 2, 3) and the multiaxis structure is stabilized by the existence of an antiferroquadrupole interaction with trigonal symmetry. It was also suggested that, for T 1 < T < T 2 , it seems to adopt a double-q structure. The magnetization process was studied up to 40 T along the principal axes of [100], [110] and [111] by Morin et al. 2) and Yamagishi et al. 4) Attributing to the complex multiaxis structure, it was found that the magnetization shows multistep metamagnetic jumps with markedly anisotropic behaviors at low temperatures below T 1 , although the magnetization has not reached to the saturation for each direction. The magnetic phase diagrams were also investigated along the three main directions and the possible spin configurations were suggested for each phase. They demonstrated that the magnetization curves were well understood by introducing a strong aniferroquadrupole energy along three-fold axis [111] at least in the temperature range far below T 1 .
4) The magnetic structure under the applied field along the [100] direction has been derived by the single crystal neutron diffraction study up to 13 T, 5) in which an inconsistency with the Morins' model was pointed out.
Despite the extensive studies so far, it seems that the magnetic properties of DyAg have not been understood completely. The magnetic phase diagrams have been investigated incompletely and not all the magnetic structures are given precisely for each phase under the magnetic field. Furthermore, the magnetic interaction mechanism has not been clarified to thoroughly explain the characteristic magnetic structures and the magnetic transitions up to T N . In order to promote the better understanding of the magnetic properties of DyAg, we have extended the magnetization measurement up to 54 T using the pulse magnet at various temperatures in the ordered range, and determined the magnetic phase diagram in detail for the three principal axes, [100], [110] and [111] . The magnetic susceptibility and the specific heat have also been measured to precisely obtain the transition points in the proximity region of T N .
Experiment
Single crystalline samples of DyAg were prepared by the floating-zone technique with an starting material of the arcmelted polycrystal. The X-ray diffraction study confirmed that the obtained samples were the single phase. The high field magnetization measurement was carried out up to 54 T by using a pulse magnet established at the High Magnetic Field Division, KYOKUGEN, Osaka University. The induced magnetization was detected by a standard pick-up coil system. The magnetic susceptibility was measured by using a SQUID magnetometer (MPMS, Quantum Design). The specific heat was measured by a thermal relaxation method under the magnetic field up to 9 T (PPMS, Quantum Design). 2) By extending the field above 50 T, in addition, the saturation of the magnetization is completely observed for H k ½111 after four transitions, and the saturated moment is obtained to be 9.7 B /Dy, which is very close to the free Dy 3þ ion value of 10 B . Each transition exhibits a hysteresis, and the transition field is defined, for both the increasing and decreasing field, as a field at which the differential magnetic susceptibility dM=dH shows a peak (the lower panel in Fig. 1 ). The transition fields at 4.2 K are listed in Table 1 for the three axes, in which H nu (H nd ) (n ¼ 1,2, Á Á Á) indicates the n-th transition field for increasing (decreasing) field process.
Results

Isothermal magnetization
Magnetization curves at various temperatures are presented in Figs. 2(a Fig. 3(a) , on heating, the dM=dH signal at H 2d shifts toward the lower field and broadens being obscure at 35 K. The anomaly at H 1d , on the other hand, shifts toward the higher field and its sharpness remains even at 35 K. The temperature variation of the peaked shape at H 1u (H 2u ) is also similar to that at H 2d (H 1d ). Somewhat interesting is that the H 1d and H 2d cross at about 35 K with increasing temperature and then change places each other above 35 K as shown in Fig. 3(b) , i.e., the same mechanism which causes the transition at H 1d (H 2d ) below 35 K seems to induce the transition at H 2d (H 1d ) above 35 K.
For [110] and [111] directions, on the other hand, the situation is rather featureless on the whole. The lowest transition field H 1 (the average of H 1u and H 1d ) scarcely changes with temperature up to the vicinity of T N . The higher H 2 and H 3 (and H 4 for H k ½111) monotonously decrease with increasing temperature and become indistinguishable above 40 K as shown in Fig. 4 and Fig. 5 . One feature to be interested in is that, for H k ½110, another tiny anomaly is observed between 24 T and 25 T above 38 K as indicated by arrows in Fig. 4 , which becomes undetectable above 46 K in the present study.
Results of the isofield specific heat C and the magnetic susceptibility are plotted in Fig. 6 and Fig. 7 , respectively. The transition temperature is defined at which C or the temperature derivative of the susceptibility d=dT shows a peak or a bend. One of the typical results of C, and d=dT are compared in Fig. 8 . The peaked anomalies in d=dT coincide with the peaks of C as indicated by the solid arrows. The dotted arrow in d=dT indicates the temperature with the zero value of d=dT, or the maximum of , which has been regarded as T N , so far.
2) While the occurrence of three transitions in zero field are clearly confirmed from the present specific heat study, it is also clarified that the highest transition temperature, T N , should be corrected to the lower value than that corresponds to the maximum of .
The (H; T) phase diagrams obtained from the series of measurements are summarized in Fig. 9 . The phase boundaries determined from the maximum of are also plotted for comparison. The obtained results below 40 K are well consistent with the Morin's result for all the directions. Above 40 K, on the other hand, the intersections of the various transition lines are clearly revealed, and the existence of several new phases is clarified in the proximity region of T N . The Roman numerals identify each phase at lower temperatures, and are referred to in the following section.
Discussion
As mentioned in section 1, the magnetic structures of DyAg in the high magnetic field at low temperatures below T 1 were at first proposed by Yamagishi et al. 4) and Morin et al.
2 directions (upper panel) and differential magnetic susceptibilities dM=dH (lower panel). In dM=dH, the solid line and dotted line correspond to the increasing and decreasing field process, respectively. curves including the transition fields. The subsequent neutron scattering study, 5) however, revealed a different magnetic structure of the phase II in [100] direction, requiring a reexamination of the Yamaghishi and Morin model with the proper structure. On the other hand, the magnetization process of the isostructural compound DyCu (T N $ 63 K) has been found to be quite similar to that of DyAg for each direction at least at low temperatures with a saturation moment of 9.5 B /Dy for H k ½111.
6) The magnetic structures have also been proposed for all the phases by Kakeya et 
al., 6) which were partly different from the Yamagishi and Morin model, although they have not been confirmed by the theoretical analysis. For this compound, the magnetic structure of the phase II in [111] direction has been investigated by the neutron scattering measurement. 7) In the preceding section, we reexamine the above mentioned structures following the theoretical method using by 
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4)
The magnetic structures to be discussed are listed in Table 2 . For H k ½100, the models for both phase II and III are those determined by experiments. For H k ½110, the presented models are just proposed one by Kakeya et al., and none of them has been studied by a neutron scattering study. For H k ½111, the model of phase II is experimentally determined one. Phases IIIs and IVs are propose by Kakeya (A) and Yamagishi (B). For phases IIIB and IVB, accurate structures were not presented, and only the calculated energy can be referred. In phase V, all spins are aligned to the field direction. The calculated magnetizations for each structure are listed in Table 3 with the amplitude of moment being 9.7 B . The agreement between the model and the experiment is good.
The total energy U describing the present magnetic system is given by
The form
represents the quadrupole interaction between two neighboring Dy sites. In the present system, it is assumed that large quadrupole energy along the [111] directions exists for Dy sites and is independent of the external field. Q ij and ij are the coupling energy and the angle of quadrupole axes, respectively, between the neighboring sites. U E and U Z are the exchange and Zeeman energies with the form of
U A describes a single-ion anisotropy energy which restricts a spin in the [111] direction. Because the spins are always directed in the one of the equivalent [111] axis in the present model, U A does not change through the transitions, and is neglected in the following. The exchange and quadrupole parameters J 1 , J 2 and Q 1 , Q 2 , Q 3 are defined in the first row of Table 2 . The summation is performed over the magnetic unit cell of 2a Â 2a Â 2a (4a Â 4a Â 4a for the phases IIIA and IVA in [111] direction), where a is the cubic lattice constant. The resulting coupling energies per spin are shown in Table 2 for each structure. Then the transition field between n-state and m-state is calculated by the equation
Using the established structures in [100], the exchange parameters are obtained to have a relation, Closed and open circles correspond to the transition field derived from the magnetization measurement with increasing and decreasing field, respectively. Triangle and asterisk are the transition temperature determined by the magnetic susceptibility and the specific heat measurements, respectively. Small triangle represents the temperature at which shows a maximum. Dashed lines are guide for the eye.
of each transition field are not completely derived, rather satisfactory agreements with the experiments are realized in the path (c). For [111] axis, the experimentally derived structure in phase II, or H 1 , is well explained by the present analysis. While the following three transitions (H 2 ; H 3 ; H 4 ) can not be identified for both path (d) and (e), they retain a reasonable relation also for both paths. At present, we can not exclude either of them.
Conclusion
The magnetization of DyAg in the ordered range has been investigated up to high magnetic field of 54 T for the three principal axes. The magnetization in [111] direction reaches to the saturation moment of 9.7 B at low temperatures. The previously proposed or the experimentally determined magnetic structures for each phase at low temperatures below T 1 have been tested theoretically by means of the effective quadrupole interaction model. Although we could not conclude the complete set of the magnetic structures, the fairly good agreement between the calculated values of the transition field and the experimental values indicate that some of the tested models could be the actual one.
The (H; T) magnetic phase diagrams of the three axes have also been established in detail up to T N , and the several phases not reported have been revealed. Present complex phase diagram of DyAg should be described by means of a more accurate Hamiltonian such that includes a precise CEF effect, a magnetoelastic interaction, and other type of the quadrupole interaction. Such a treatment has been attempted to NdZn, for example, and successfully explained the complex phase diagram of it.
8) The lack of the available knowledge of the several parameters requiring for the calculation prevents us to go ahead at present, and the further investigations are left to give a quantitative description of the magnetic phase diagram of DyAg.
This study was supported in part by a Grant-in-Aid for Scientific Research of the Ministry of Education, Culture, Sports, Science and Technology. Table 3 Magnetization values at each phase obtained from the experiments (at 4.2 K) and the proposed models (in Table 2 
